Different types of sutures, staples and sutureless anastomoses have been used to create anastomoses. The ideal device should ensure good serosal apposition without requiring either transgression of the bowel wall or the presence of foreign material for an extended period of time [2] . Healing occurs when the surgical wound is clean and sharp, Anastomotic dehiscence and leaks are major problems in gastrointestinal surgery and result in increased morbidity and mortality, thus decreasing overall survival. Intestinal anastomosis healing depends on the operative technique, the underlying medical condition, medical treatment and other individual, often unknown, factors 
and when there is no infection, minimal loss of tissue and good approximation of the wound edges by suture or adhesive tape. The promotion of primary healing with anatomic apposition of all layers is believed to be important [3] .
With a compression anastomosis clip (CAC) made of shape-memory materials, such as a superelastic temperature-dependent nickel-titanium alloy (NiTi) [4] , the metal is shaped at a high temperature and loses its rigidity and becomes flexible when it is ice-cooled. At room temperature, it resumes its preset shape. The CAC compresses the walls of the anastomosed gastrointestinal tract together to induce necrosis and initiate the healing process, which leads to fusion of the two lumens ( Fig. 1A -D, G) [5, 6] . A scar, which is the basis for a symmetrical and functional anastomosis, is formed at the periphery of the necrosis. The time before the natural expulsion of the clip from the intestine with the stool varies depending on the site of its insertion (Fig. 1E, F) .
The use of CACs in humans has been reported [2, 5, 6, [7] [8] [9] [10] [11] [12] [13] , including a comparison of CAC anastomoses with stapled anastomoses in the stomach, small intestine, and colon [5] [6] [7] [8] 13] . However, to the best of the current authors' knowledge, no comparison of healing between CAC and hand-sewn (HS) anastomoses has previously been reported.
This experimental study aimed at evaluating the safety and efficacy of a CAC for jejunojejunostomies and ileocolostomies, and at understanding the basic biology of anastomotic healing. The novel endpoints of the study were early healing and the breaking strength (BS) of a CAC anastomosis, and comparison of these parameters with the same characteristics of a HS anastomosis.
Material and Methods

Study Design
The ethics committee of the Medical University of Silesia (Katowice, Poland) approved all of the animal experiments (permit number 16/2013) , and the study was conducted in accordance with the Helsinki Declaration of 1975. The experiments were carried out on 11 domestic male pigs weighing 50 ± 0.5 kg. The following procedures were performed on each pig, for a total of 88 anastomoses: four side-to-side jejunojejunostomies (two HS and two CAC) and four side-to-side ileocolostomies (two HS and two CAC). Each type of anastomosis was performed on adjacent 10-cm sections of the intestine (mid-jejunum or spiral colon), which did not differ anatomically, histologically or functionally, and did not affect the result of the test [14, 15] .
Preoperative care, postoperative care, and postoperative observation were performed by trained animal technicians supervised by veterinarians, who attended the animals daily and when any signs of illness appeared.
The operations were performed by the same two surgeons after the pigs underwent a 48-h fast with free access to water. After the initiation of general anesthesia using subcutaneous atropine (0.05 mg/kg), intramuscular xylazine (3 mg/kg intramuscularly), and intramuscular ketamine (10 mg/kg), all the pigs received similar general anesthesia with intravenous propofol (2-5 mg/kg), intravenous fen tanyl (2.5 mg/kg), and inhaled isofluorane (at a concentration of 0.5-3%). The pigs were intubated and maintained on mechanical ventilation.
After the surgery, the animals fasted for 48 h with ad libitum access to water, and then were provided a standard diet. The pigs were monitored for five or seven days for general behavior, food intake, feces production and body temperature. The pigs were then euthanized on postoperative day 5 (5 pigs) or 7 (6 pigs) by intravenous administration of xylazine hydrochloride (6-10 mg/kg), ketamine (6-10 mg/kg) and pentobarbital (0.25 mL/kg). Postoperative days 5 and 7 were chosen to represent the first two phases of healing: the inflammatory phase (days 2-5) and the proliferation phase. The clip separates from the anastomosis after the formation of necrosis beginning on day 5 (the inflammatory phase), and the anastomotic breaking strength increases progressively from postoperative day 7 (the proliferation phase) [5, 16, 17] .
Compression Anastomosis Clip
The implants were elliptical bispiral rings made of a NiTi alloy, manufactured in co-operation with the Institute of Materials Science at the University of Silesia (Katowice, Poland). The clip differed in shape and size from the clips available from NiTi Medical Technologies (Netanya, Israel), as well as from other clips used in previous studies [5, 6, 8] . Compared with the clips used in the current authors' previous clinical study, the present clip had lower Ti content (48.7% Ti) [9, 10] .
The width of the anastomosis corresponded to the external diameter of the clip (longer, 28 mm; shorter, 11 mm).
Surgical Procedure in the Hand--Sewn Group
The anastomotic technique involved parallel 25-28-mm incisions in the intestinal walls. Side--to-side double layer HS anastomoses were performed using a running 3/0 polydioxanone suture (MonoPlus ® , B. Braun Surgical SA, Rubi, Spain). The anastomosis time was recorded.
Surgical Procedure in the Compression Anastomosis Clip Group
The anastomotic technique involved parallel 5-mm incisions in the intestinal walls at the predicted site of anastomosis creation (Fig. 1A) . The CAC was placed in 0°C normal saline for 2 min, allowing the arms to open and form an angle of approximately 30-40° (Fig. 1B) . The opened CAC was placed through the incisions into the hollow viscera previously prepared for the anastomosis, with the arms extending to separate the viscera ( Fig. 1C and 1G ). At body temperature, the clip returns to its original shape and presses the anastomosed surfaces together (Fig. 1D, 2A) . A scalpel was then used to create a slit through the entrapped anastomosed surfaces to allow free passage of air and feces through the anastomosis until the healing process was complete. The small incisions through which the clip was inserted were closed with an interrupted polydioxanone 3/0 suture (MonoPlus ® , B. Braun Surgical SA, Rubi, Spain). The anastomosis time was recorded.
Macroscopic Examination
After the abdominal cavity was exposed, the total number of intra-abdominal adhesions was evaluated. During the examination, each anastomosis was macroscopically assessed using the van der Hamm scale, which includes the formation of adhesions, the integrity of the anastomosis and the presence of a perianastomotic abscess or peritonitis (Table 1) [18, 19] . The anastomoses were carefully dissected with 5 cm of bowel margin on each side of each anastomosis.
Histological Examination
After histological sections from each anastomosis were fixed in 10% neutral buffered formalin and embedded in paraffin (4 μm), they sections were stained with hematoxylin-eosin and examined under a light microscope (at 20×, 40×, and 100× magnification). Histological parameters were graded from 0 to 4 using the Ehrlich-Hunt scale as modified by Philips et al.; the scale included inflammatory cell infiltration (white blood cell count), fibroblast activity, neoangiogenesis, and collagen deposition (Table 1 ) [18] [19] [20] . Re-epithelialization was scored from 0 to 2, and the degree of wound healing at the line of the anastomosis was graded on a scale of 1 to 5 (Table 1 ) [17, 21, 22] .
Breaking Strength
Breaking strength is typically measured using a tensiometer [23, 24] by applying increasing force in a longitudinal direction to anastomotic segments until disruption takes place [16] . In this study, the resected intestinal segments, with the sutures in place, were placed in a dynamometer (Haas-Automatyka, Bielsko-Biała, Poland) at a force of 200 newtons (N); the force was then increased at a rate of 10 mm/min. The peak force necessary to induce disruption was considered the BS Ϭ (MPa) [23] , which was calculated by dividing the maximum force by the intestinal cross-section: Fmax (N)/S (mm 2 ).
Statistical Analysis
All data are expressed as mean and standard deviation (SD). The parameters of the two anastomoses of the same type performed in each pig were compared using the chi-square test for qualitative data, Student's t-test for quantitative parametric data and the Mann Whitney U test for nonparametric data.
Comparisons between the CAC and HS anastomoses in the jejunojejunostomy and ileocolostomy groups on postoperative days 5 and 7 were conducted using Pearson's chi-square test and Yates' corrected c 2 test for the macroscopic examination results, the Mann-Whitney U test for the histological results and anastomosis times, and Student's t-test for breaking strength. Comparisons of the histological results between days 5 and 7 for the CAC and HS anastomoses (within the jejunojejunostomy and ileocolostomy groups) and between the jejunojejunostomy and ileocolostomy groups for the CAC and HS anastomoses on days 5 and 7 were conducted using the Mann-Whitney U test. All the analyses were performed using STATISTICA 10.0 (StatSoft Ltd, Bedford, UK). Results were considered statistically significant at p < 0.05.
Results
General Results and Agreement
There were no postoperative deaths or morbidity in either the CAC group or the HS group. In addition, no anastomotic dehiscence, intra-abdominal abscess, or other infectious conditions were observed. Satisfactory agreement existed between individual parameters of the same anastomosis type in each pig (Cohen's kappa coefficient: 0.61-1.0; p < 0.05). Tests for differences did not result in significant findings between individual parameters of the same anastomosis type in each pig (p > 0.05).
Anastomosis Time
The HS anastomoses took significantly longer to form compared to the CAC anastomoses (Table 2). There were no statistically significant differences in the time to perform the CAC jejunojejunostomy compared with the CAC ileocolostomy or to perform the HS jejunojejunostomy compared with the HS ileocolostomy (p > 0.05).
Macroscopic Analysis
There were no statistically significant differences in adhesion development between the HS and CAC groups ( Table 2) . No stenoses were found in the anastomoses of the CAC or HS groups. Macroscopic examination of the CAC anastomoses showed very thin scar tissue at the anastomotic line (Fig. 2B, 2C ) and a much thicker anastomotic line in the HS group (Fig. 2D) .
Breaking Strength Results
In four of the 20 anastomoses formed with CACs and examined on postoperative day 5, the clip did not separate from the 4-6-mm section of the inner side of the anastomosis, and the breaking strength could not be determined. Therefore, the breaking strength was assessed on postoperative day 7, as all the clips had separated by that time. The breaking strength was higher in the CAC jejunojejunostomies and ileocolostomies than in the corresponding HS anastomoses (Table 2) .
Histological Results
There were statistically significant histological differences between the jejunojejunostomies in the CAC and HS groups (Table 3) . A comparison of the CAC and HS anastomoses using the Ehrlich--Hunt scale revealed significantly less inflammatory cell infiltration in the CAC group on postoperative days 5 and 7. A high-density active granulocytic/ /lymphocytic inflammatory infiltration was visible in the lamina propria of the mucosa on day 5 in both the CAC and HS groups (Fig. 3) . On day 7, the density of the dominant lymphocytes of the inflammatory infiltrate had decreased, while crypt abscesses were visible in the dominant active infiltrate in the HS group (Fig. 4) . On day 5, more collagen deposit was found in the HS anastomoses. On day 7, the HS anastomoses were characterized by higher fibroblast activity than the CAC anastomoses. Differences in the remaining parameters were not statistically significant (Table 3) .
On postoperative days 5 and 7, statistically significant differences were detected between the CAC and HS ileocolostomies in inflammatory cell infiltration, fibroblast activity, and the degree of wound healing, with lower values in the CAC group (Table 3) . On day 5, compared with the HS group, significantly less collagen deposition and significantly higher epithelial regeneration were detected in the ileocolostomies in the CAC group (Table 3) . The density and other characteristics of the inflammatory infiltrate of the ileocolostomies on postoperative days 5 and 7 were similar to those of the jejunojejunostomies (Fig. 3, 4) .
The collagen deposition in the jejunojejunostomies and ileocolostomies in the HS group were significantly lower on day 7 than on day 5. The degree of wound healing was significantly lower on day 7 than day 5 in the ileocolostomies (Table 4 ).
The differences between jejunojenuostomy and ileocolostomy histology results for CAC and HS anastomoses on postoperative days 5 and 7 were not statistically significant (Table 5) .
Discussion
In the present study, all of the CAC anastomoses resulted in smooth and intact healing with an anastomotic line that was represented by a very thin circular band of fibrosis and granulation tissue (Fig, 2B, 2C) . Kopelman et al. [25] suggested that these features of CAC anastomoses are attributable to the lack of any foreign material -either suture material or metal staples -within the anastomotic site, and to the gradual compression applied to the tissue on both sides of the anastomosed bowel. The CAC might help avoid persistent foreign material and the resultant excessive inflammatory response by the timely natural expulsion of the device [2] . The previous use of these anastomoses in animals also resulted in appropriate mucosal healing and decreased formation of fibrous tissue [2, 26] , with very little scar tissue visible at the anastomotic line under microscopic examination [27] . Furthermore, the possible extent of scarring is proportional to the amount of granulation tissue that is formed [25] . In the present study, the amount of granulation tissue at the anastomotic line, as indicated by the score on the wound healing scale, was similar in CAC and HS jejunojejunostomies on both postoperative days 5 and 7. However, the HS ileocolostomies resulted in more granulation tissue on both postoperative days 5 and 7. Previous studies of CAC anastomoses in humans have indicated that they are as safe and effective as stapled anastomoses [2, [5] [6] [7] [8] [9] [10] [11] [12] [13] . The safety of this device has also been documented in animal studies [28, 29] , including a comparison between CAC and stapled jejunojejunal anastomoses in pigs, in which a histological examination of the CAC anastomoses demonstrated a complete mucosal lining with no evidence of stricture formation at two months [29] . In a dog model, macroscopic and microscopic examinations of the CAC anastomosis on postoperative day 14 showed a complete mucosal epithelial lining with re-epithelialization of the mucosa at the anastomotic site and an intact, functioning anastomosis [28] . The present study also demonstrated that CAC anastomosis is safe for both jejunojejunostomies and ileocolostomies. The macroscopic assessment showed that the clip did not increase the formation of adhesions when compared with the HS anastomoses. There was very thin scar tissue at the anastomotic line (less collagen deposition and better epithelial regeneration) in the CAC group, and a much thicker anastomotic line in the HS group. Moreover, in the early healing period, significantly less inflammatory cell infiltration occurred in the CAC group on postoperative days 5 and 7. Not only was the anastomosis time shorter in the CAC group, but the breaking strength of the CAC anastomoses was also greater.
Various methods are available to study the course of events during experimental anastomotic healing, typically involving histological studies and evaluations of breaking strength. Histological evaluation is useful to describe the course and results of the healing sequence at the tissue level as well as the successive infiltration of various cell types into the wound area. Various histological parameters of wound repair have been studied in experimental intestinal anastomoses: mucosal healing based on inflammatory cell infiltration, epithelial regeneration, the degree of necrosis, proliferation of fibroblasts, the formation of collagen fibers, neoangiogenesis and granulation tissue [18] [19] [20] [21] .
Mechanical parameters are of great importance for studying intestinal anastomoses because the mechanical strength of an anastomosis can affect leakage during the initial postoperative phase. Ikeuchi et al. [30] reported that tensile strength was a standard to evaluate the biological aspects of anastomotic healing, including suture-holding capacity. Because tensile strength measurements can only be carried out when the CAC separates from the anastomosis, in four cases in the present study it was impossible to measure tensile strength on postoperative day 5. It might therefore be more appropriate to examine the strength of CAC anastomoses on later postoperative days, such as day 7 in the present study. This study had certain limitations. The comparison of CAC anastomoses with HS anastomoses was based solely on two-layer HS anastomoses, which extended the time it took to create the anastomoses and might have resulted in greater inflammation caused by foreign bodies. However, the two-layer HS anastomoses increased the adherence of the anastomosed surfaces, resulting in anastomoses that were comparable to the CAC anastomoses. As indicated by the statistical agreement tests, the results were not affected by performing two CAC and two HS anastomoses in the same animal, because the anastomoses were performed on the same specific sections of the intestine, which did not differ anatomically, histologically, or physiologically. In addition, pigs were included in the study based on the tightness of all the anastomoses performed in that pig. If even one anastomosis showed leakiness or any other complication, that would affect all of the anastomoses in that animal. Also, the study included only the early postoperative period, and a functional assessment of anastomoses requires a longer observation period because of the potential for anastomotic stenosis. Further studies are needed to evaluate anastomoses in the later postoperative period and to compare CAC anastomoses with those created using another technique, e.g., a stapler.
The authors concluded that anastomosis using a CAC appears to be safe and less time consuming than HS; it is also characterized by a good healing process with little inflammatory reaction and a high breaking strength compared with HS anastomosis.
